In this study, a two-stage interval-stochastic water trading (TIWT) model is developed for reallocating water resources under uncertainty, which integrates techniques of interval-parameter programing and two-stage stochastic programing into a general framework. The TIWT model can provide an effective linkage between system benefit and the associated economic penalty attributed to the violation of the pre-regulated water permit under uncertainties expressed as probabilistic distributions and interval values. The trading scheme is introduced to optimize water allocation of Kaidu-Kongque River in northwestern China. Results obtained suggest that trading program can effectively allocate limited water resources to competitive users by market approach in such an arid area, which improves economic efficiency in the mass (e.g., maximizing system benefits) and remedies water deficiency. A number of policies for water permits are analyzed and reveal that different water permits lead to different water shortages, system benefits, and system-failure risks.
INTRODUCTION
In the past decades, the challenge of water resources management associated with the principle of sustainable development has been of concern to many researchers and managers, due to the pressures of increasing population, developing economy, and changing climate all over the world. Particularly in many semi-arid and arid regions, water shortage and unreliable water supply have been considered major obstacles to sustainable water resources development in watershed systems. Currently, one-third of the world's population is living in countries and regions of water resources limitation (Bates et al. ) . Because of limited water availability imposing strong restrictions on natural and human systems, the management of water resources has become an increasingly pressing issue in semi-arid and arid regions (Huang et al. ) . For example, Tarim River Basin in China is a typical arid region that is characterized by low and irregular rainfall, high temperature, and high evaporation. Water shortage has become an increasingly serious problem, where demand outstrips water resources availability due to chronic severe scarcity. Therefore, the constantly increasing demand for water in terms of both sufficient quantity and satisfied quality, has forced planners to contemplate and propose ever more comprehensive, complex and ambitious plans for water resources management in semi-arid and arid regions in response to such complexities (Bowden et () developed a hybrid factors scenario analysis method for water resources planning in an American semi-arid region, in which water policy (e.g., periodic drought policy vs. sustained drought policy, water-conservative population policy vs. water-consumptive population policy, booming economy policy vs. poor economy policy) and impact factors of water systems in response to risk prevention could be reflected. Tabari & Yazdi () proposed a multi-objective optimization method for planning of water in inter-basin and restoration of water in outer-basin, where a non-dominated sorting genetic algorithm was used for solving complexity and non-linearity of objectives and decision variables. In general, the above conventional simulation and optimization methods were effective for planning water resources systems considering a number of impact factors (e.g., economic objective, environmental requirement, and policy regulation).
Water trading is considered an effective way to allocate water resources optimally, which can increase the economic productivity of water by encouraging its movement from low to high valued use. Under the situation of limited water, transition toward trading through water markets is likely to improve economic efficiency in the mass (e.g., maximizing system benefits) (Brill et al. ) . Moreover, since the market mechanism makes inefficient water users consider the opportunity costs of water usage, market trading schemes can provide incentives to adopt water saving (Calatrava & Garrido ). Owing to competing users achieving water on the law of value (i.e., price fluctuates around value) in the market, surplus water can be released to gain a high benefit, such that the contradiction between water demand and water deficiency can be mitigated. Water trading can balance limited water resources between human-use allocation and flow stream especially in arid and semi-arid areas, such that several water trading programs have been established worldwide (Luo et al. ) . For example, Huang et al. () employed an input/output method to calculate the virtual water trading in northwestern China, which made water as a merchandise achieve a higher value using an economic systematic method. Zaman et al.
() formulated an economic model to describe demand and supply in an integrated water trading-allocation system in Australia, which could establish a link between paper trades (estimated by economic models) and physical water transfers (estimated by biophysical models). Smajgl et al.
() developed an agent-based model to create a water trading scheme in Australia, which could tackle the inefficiency of informal self-regulating and formal institutional changes based on simulating the environmental and economic performances of newcomers in water trading processes. Abdelaziz & Frank () characterized hydrologic and economic impacts of water trading in Egypt, through integrating hydrologic, environmental, economic, and institutional constraints within a water trading program. In general, it is commonly recognized that the effectiveness of water trading is explicitly influenced by various uncertainties existing in water resources systems. For example, spatial and temporal variations exist in water trading programs, such as stream flow, water demand, trading ratio, and trading efficiency, and these fluctuations can be associated with the net system benefits that are functions of many stochastic factors (Eugene ; Blokker et al. ) . These complexities could become further compounded by not only interactions among the uncertain parameters, but also their economic implications. Particularly in semi-arid and arid regions, these complexities could be amplified by water scarcity, population growth, economic development, and eco-environmental protection, which could intensify the conflict-laden issue of water trading among competing municipal, industrial, agricultural, environmental, and ecological interests (Huang et al. ) . Therefore, the inherent complexities and stochastic uncertainties that exist in a water trading program have essentially placed them beyond the conventional deterministic systems analysis methods.
Two-stage stochastic programing (TSP) is effective for solving decision-making problems associated with randomness, in which an examination of policy scenario is desired and the system data are characterized by probability distribution (Luo et al. ) . TSP can provide an effective linkage between policies and economic penalties, which has advantages in reflecting complexities of system uncertainties as well as analyzing policy scenarios when the pre- However, the major problem of stochastic programing methods is that the increased data requirement for specifying the probability distributions of coefficients may affect their practical applicability (Li et al. ) . For example, in a water trading program, although the randomness in water availability can be relatively easy to quantify with probability distribution, many other uncertain components (e.g., economic data, allocation target, and trading ratio) are often not straightforward enough to be expressed as 
MODELING FORMULATION
A manager (e.g., water resources bureau) is responsible for allocating water resources to multiple users (e.g., residential, industrial, agricultural, and ecological) in semi-arid and/or arid regions, with the goals of maximizing the overall system benefit, satisfying users' demand and reducing water shortage. The manager needs to create a plan to effectively allocate the water to each user while simultaneously considering the system disruption risk attributable to the uncertainties. On the basis of the local management policy, water permits will be allocated to each competitive user in different districts. In the situation of water without trading, water for each user will be limited by its own permit proportionally (Luo et al. ) . Given a water demand that is promised to each user, if the pre-regulated water demand is satisfied, it results in benefit to the local economy (i.e., targeted income). However, when the available water resources cannot satisfy the water demand, a recourse action has to be undertaken to minimize the reduction of system benefit (i.e., deficiency loss). The objective of the function is to choose the first decision variables in a way that the expected value of the random second-stage function is optimized (Birge & Louveaux ) , which results in optimization of the state of the system. The study problem can be formulated as an interval two-stage stochastic programing (ITSP) model, through integrating techniques of TSP and IPP into a general framework (Appendix, available online at http://www.iwaponline.com/jh/017/090. pdf). The ITSP model can support medium-to long-term planning problems effectively where decisions need to be made dynamically (e.g., raising water demand) to get the optimized expected value of objectives. Thus, when water is not tradable, ITSP model can be formulated as follows:
where i denotes type of user (i ¼ 1, 2, … , I); j denotes name of district ( j ¼ 1, 2, … , J ); h denotes probability level of random water availability (h ¼ 1, 2, … , H ); the objective of model (1), f ± 1 presents net benefit of the entire system without trading ($); B ± ij is net benefit to user i in district j per volume of water being delivered ($/10 3 m 3 ); W ± ij is preregulated water demand target to user i in district j (10 3 m 3 ) based on annual water demand in the last years, which is a first-stage decision variable made before the realization of uncertain Q ± ijh . In a practical water allocation problem, W ± ij has been pre-regulated to each competitive user in different districts at the beginning of the year, which was based on water demands in the past. W ± ij max is the maximum annual water requirement to user i in district j (10 3 m 3 ), which is constrained by the user's water consumption capacity; Q ± ijh is total water availability of the entire system under probability P h (10 3 m 3 ); P h denotes probability of random water availability Q ). Since water is allocated to each user by its own permit proportionally, constraint (1b) reflects the water allocation without trading (i.e., water can be allocated to each user in proportion to the user's water permit when total water availability is in shortage). Constraint (1c) ensures that each user's water requirement is constrained by the user's water consumption capacity; since water allocation equals to the difference between pre-regulated water target and water deficiency (i.e., water allocation ¼ target À deficiency), preregulated water target is greater than water deficiency to ensure the positive value of water allocation. Meanwhile, constraint (1d) reflects water availability can satisfy water demand target mainly, which cannot lead to an extensive deficiency (e.g., the scale of water deficiency exceeds water availability) in the study area. Constraint (1e) reflects the water permit is non-negative.
Model (1) reflects the water allocation without a trading scheme, which indicates that water should be allocated to each user in proportion to the user's water permit when total water availability is uncertain. With the purpose of more effective water allocation, a water trading program can be established. In the situation of limited water, trading can not only make water move from low value to high value, but also reduce the loss of water deficiency and maximize its economic benefit through the market scheme. In a water trading program, a target quantity of water is measured according to users' needs and water permit is allocated according to water availability. If water target is satisfied, a net system benefit would be obtained; if water target exceeds the water availability, water shortage would be generated and thus result in economic penalty. On the other hand, if water permit for each user is regulated too low, surplus water would be generated. In such a situation, each user can sell surplus water permits or buy water permits to gain a higher profitability through water trading. When water is tradable, all users are no longer constrained by their own water permit but theoretically by both the aggregate supply of the total water availability and total water permit of the entire system (Luo et al. ) . It means that water permits being traded to higher value are a substitute for being allocated cubic meters to each user.
Under the trading scheme, the manager can reduce the water permit to release appropriate water permits to trade water in the market according to actual water requirement, such that a maximized system benefit could be achieved.
Therefore, when water is tradable, a two-stage inexact water trading (TIWT) model can be formulated as follows:
where f ± 2 presents the net benefit of the entire system under the trading mechanism ($); d is the percentage of reduced total allowable water allocation (i.e., mitigation level); M ± ij is reallocated allowable water permit to user i in district j with trading scheme (10 3 m 3 ); N ± ijh is released water to user i in district j when total water availability exceeds allowable water reallocation with trading scheme (10 3 m 3 ); FC ± ij is trading fix cost to user i in district j with trading scheme ($/10 3 m 3 ); VC ± ij is trading variable cost to user i in district j with trading scheme ($/10 3 m 3 ); L ± ijh is the amount of water trading from other sources to user i in district j under h level when water availability is Q ± ijh with trading scheme (10 3 m 3 ). Constraint (2b) indicates that total actual reallocated water permits of the entire system in the trading scheme are constrained by total allocated water permits. The water manager can adjust total water permits to reallocate to water users based on a policy of regional development. Since water demand target is preregulated at the beginning of the year based on annual water availability in the past, pre-regulated water target is not equal to current water availability, which results in recourse problems. Constraint (2c) reflects that a recourse action has to be undertaken to minimize the reduction of system benefit (i.e., deficiency loss) with the trading scheme, when the available water resources cannot satisfy the water demand. Meanwhile, since the water permit is estimated in a similar manner to water demand target, constraint (2d) reflects released water is obtained based on recourse actions between current water availability and reallocated water permit. Released water can be obtained when water availability is greater than reallocated water permit, then it can join in water trading to remedy water deficiency by water market. Constraint (2f) reflects the trading process, where water deficiency can be remedied by released water and other sources. Constraint (2e) reflects that fixed and variable trading costs are constrained by losses of water deficiency, which ensures net system benefits with the trading scheme should not be less than that without trading scheme. The implications of constraints (2g)-(2j) are similar to constraints (1c)-(1e).
In the TIWT model, when the target of water for each user in each district (W ± ij ) is expressed as an interval number, decision variable z ij is introduced to identify the optimal target value. Let
Thus, when W ± ij reach their upper bounds, a higher net benefit of the water system would be achieved. When W ± ij reach their lower bounds, the system may generate a lower net benefit with a low risk of water deficiency loss. Thus, model (2) can be transformed into two deterministic linear programing submodels, which correspond to the lower and upper bounds of the desired objective as follows (Huang ) .
where submodel (1) corresponding to f þ 2 is first desired to maximize f ± 2 ; where Equation (3a) and constraints (3b)-(3j) are corresponding to upper bounds of the desired objective. Then, the optimal solutions (e.g.,Y
and z ijopt ) can be obtained through solving submodel (1), which can also be imported into submodel (2) to acquire f À 2 as follows.
Since the optimal solutions (e.g.,
, and z ijopt ) of f þ 2 can be imported into submodel (2), lower bound of system benefit (i.e., f (2) can be acquired as follows: The river's streamflow is mainly from its upstream, snow melting, and rainfall, which supplies municipal, industrial, and agricultural users; as well, the streamflow is the most important source for ecosystem recovery of the lower reaches of the Tarim River Basin. Owing to dry climate, low rainfall, and high evaporation, the water supply capacity of the study river is quite low, and it has difficulty in satisfying the water demands from the six counties. For example, the available water for six counties is about 9 billion m Table 3 . In addition, Table 4 provides the total water availability, which is acquired through statistical analyses with the results of the annual stream flow of the Kaidu-Kongque River (2005 -2012 . In the study area, the annual precipitation of water flow ranges from 250 to 550 mm and the average value reaches 273 mm (Huang et al. b) . Owing to spatial and temporal variability, the seasonal distribution of precipitation is uneven; several probability distribution functions (PDF) (i.e., gamma distribution, normal distribution, and logarithmic distribution) are often used to fit FDP of random variables, respectively. It found that the gamma distribution is the best fit for FDP of random variables (Huang et al. b) .
After the FDP of random variable Q ± ijh are determined, the discretization value with different probability levels can be calculated (Huang et al. b) . Around 50% of annual stream flow is less than the average value even to zero (denoted as 'low' level), 37% of annual stream flow fluctuates to an average value (denoted as 'medium' level), and 13% of annual stream flow is more than the average value even to highest (denoted as 'high' level).
RESULTS ANALYSIS
In this study, five scenarios corresponding to different water permit levels were examined by the ITWT model in KaiduoKongque River Basin. Figure 2 shows the solutions for optimized net system benefit obtained from the ITWT model, which are the sum of the first-stage benefit from the water allocation and the second-stage random losses of water deficiency. The lower-bound system benefits could result in a lower risk of violating the allowable water permit.
Reversely, a higher benefit would lead to a higher probability of violating the allowance. Consequently, there is a tradeoff between the net system benefits and water permit violation risk. In addition, different water permits would result in varied system benefits. For example, net system benefits ) under the different water permit levels (i.e., 100% water permit, 95% water permit, 90% water permit, 85% water permit, 80% water permit) in the trading scheme. Results indicate that the system benefits under trading would decrease along with the water permits. The highest net system benefit would be achieved (i.e., US$[1.15, 2.28] × 10 9 ) under the highest water permit level, when water is in the trading scheme. By decreasing water permits, the net system benefit under trading would drop, with the intervals of net system benefits changing from mild to acute. Water could be transferred to the most valuable users through trading, and substituted for being allocated to each user proportionally. In this study, since allocation targets and related losses of different users vary from each other, released water could remedy losses of water deficiencies to get a higher benefit, which could encourage the further implementation of the water trading scheme.
When the losses of water shortages are generated, each user would have to obtain water from released water and other sources to satisfy its essential demands. Figure 5 In this study, different trading schemes (i.e., non-trading and trading scheme) were examined by the ITSP model, for the sake of comparing differences between the two schemes. Owing to water allocation to each user by water permit proportionally under non-trading, the net system benefit cannot be influenced by decreasing of water permit, where net system benefit would be US$[0.74, 1.88] × 10 9 under S1-S5.
Meanwhile, net system benefit can be insensitive to water Heshuo county ( j ¼ 4). It implied that markets can provide incentives to adopt water saving, since market prices make the opportunity cost of water explicit to users. Therefore, water trading was considered an effective way to not only reduce the shortages of water systems, but also gain a higher net system benefit in arid regions.
CONCLUSIONS
In this study, a two-stage interval-stochastic water trading (TIWT) model has been developed, based on techniques of tive to water permit, in which system benefit could vary with water permit; trading was more effective than non-trading under designated situations. Therefore, water permit should be considered the primary factor in a practical water resources system, where water permit should be adjusted based on regional development to remedy losses of water deficiency and improve the efficiency of water resources system by a market approach. Through demonstration in the case study, the methodology can help facilitate reducing the risks of establishing a water trading program, and the developed method will support the decision-maker to allocate or plan water resource effectively by TIWT. represented as a probability distribution around the actual water policy. The developed TIWT model could be further enhanced through studying more system components, introducing more advanced method, and considering more uncertainties into the optimal framework for water resources systems planning.
